Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) were initially regarded mainly as metabolic by-products with damaging properties. Over the last decade, our understanding of their role in metabolism was drastically changed and they were recognized as essential mediators in cellular signaling cascades, as well as modulators of biochemical pathways. Proteostasis is highly affected by the various levels of intracellular and extracellular free radicals with either mild or severe outcomes. As part of the proteostatic network, the proteasome system is equally affected by redox alterations. This short review summarizes the effects of oxidative stress on proteasome status while it also recapitulates conditions and processes where redox alterations signal changes to proteasome expression, assembly and function.
Oxidative stress
Organisms are obliged to live in an environment that contains 78% nitrogen and 21% oxygen. Therefore, they have adapted to that environment and this is reflected by the mechanisms they possess to maintain a balance between oxidants and antioxidants [1] . Oxidative stress is a term that is used to describe the imbalance between oxidants and antioxidants that occur in favor of oxidants [2] .
Free radicals
Free radicals are in general defined as chemical species that possess unpaired electrons. There are two major species; a) Reactive oxygen species (ROS) that are molecules derived from O 2 and, b) Reactive nitrogen species (RNS) that are molecules derived from nitrogen and oxygen (nitric oxide -NO) [1] . Increase in cellular ROS and RNS levels is caused by both endogenous and exogenous sources. Exogenous sources include smoke, air pollutants, radiation (UV and ionizing) and several drugs. The majority of endogenous ROS are produced through respiration in the mitochondria while the endoplasmic reticulum (ER) and several enzymes are additional ROS sources. In general most of the enzymes that metabolize oxygen may produce ROS i.e. NADPH oxidase (NOX), cytochrome P450 enzymes, lipooxygenases and cyclooxygenase. Superoxide anions (O 2 -), hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals (OH•) are the most important cellular ROS [1] . Hydroxyl radicals are released by metal storage proteins and heme groups while free copper or iron ions are released from iron-sulphur clusters [3] . Intracellular ROS levels are important. Low levels may lead to cell proliferation, differentiation and in general they can act as signaling messengers, whereas high levels lead to cell death, apoptosis and senescence as they affect all biological macromolecules such as lipids, proteins and nucleic acids. Consequently, the regulation of cellular ROS levels is highly important [2] .
expression [5] . ROS are involved in the activation of several serine/threonine kinases. There are two major examples; mitogen-activated protein kinases (MAPKs) and protein kinase C (PKC). MAPKs include the extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNKs) and p38 kinases that are involved in cell proliferation, differentiation and apoptosis. It has been shown that mild oxidative stress has a mitogenic effect through the activation of the growth factor receptorrelated ERK pathways. Under mild oxidative stress, p38 promotes mitotic arrest while upon severe oxidative stress JNK and p38 regulate cellular apoptotis [6] . PKC is the other important serine/threonine kinase that alters the expression of various genes during oxidative stress. PKC is highly responsive to oxidative stress due to its numerous cysteines that can be modified by oxidants. It is involved in various pathways such as cell death, growth and stress response [7] .
Several transcription factors such as Nrf2 (Nuclear factor (erythroidderived-2) like-2), NF-kB (Nuclear factor-kappa B), tumor protein p53, HIF-1 (Hypoxia inducible factor 1), FOXO (Forkhead box class O) and AP-1 (Activator protein-1) are also affected by ROS. There are three nuclear factor (erythroid-derived-2) related factors (Nrfs) namely Nrf1, Nrf2 and Nrf3. Nrf1 and Nrf2 have been shown to play a key role in oxidative response. Nrf2 is a transcription factor that under normal conditions is bound to Keap1 (Kelch-like ECH Associated Protein 1) in the cytoplasm, it is ubiquitinated by the E3 ligase complex, Keap1-Cul3-Rbx-1 and degraded by the proteasome [8] . Under oxidative stress, Keap1 is modified and the E3 ligase complex is inactivated allowing Nrf2 to accumulate and translocate to the nucleus where it heterodimerizes with small Maf proteins (Musculoaponeuroticfibrosarcoma proteins) to bind antioxidant-response elements (ARE), thus driving the transcription of several protective genes including NQO-1 (NAD(P)H quinoneoxidoreductase-1), HO-1 (Heme Oxygenase 1), GSTs (Glutathione S-Transferase), γ-GCS (γ-Glutamylcysteinesynthetase) and several proteasome subunits. In that sense, Nrf2 and its inhibitor Keap1 are sensors of oxidative stress and Nrf2 promotes cell survival. Impairment of Keap1 and Nrf2 leads cells to reduced response or to Nrf2overactivation [6] . Upon proteasome inhibition, Nrf1 forms heterodimers with small Mafs on the ARE of proteasome subunits to promote their gene expression [9] . Under normal conditions, Nrf1 is located in the ER and degraded by the proteasome. In response to proteasome inhibition, Nrf1 is cleaved and thus gets activated and translocated to the nucleus promoting the expression of proteasome subunits [10] . In support, Nrf1 knock out MEFs (Mouse embryonic fibroblasts) fail to produce proteasomes upon treatment with the proteasome inhibitor YU101 [11] . DDI2 (DNA-damage inducible 1 homolog 2) has been found to be necessary for the activation of Nrf1. Upon deletion of DDI2, an increase in the cytosolic form of Nrf1 occurs and production of proteasomes is reduced [12] . Surprisingly, proteasomes are needed for Nrf1 activation since Nrf1 produces proteasomes less effectively upon exposure to high concentrations of proteasome inhibitors [13] . In Caenorhabditis elegans, SKN-1 (Skinhead-1; the ortholog of Nrf1/2/3) has a crucial role in response to oxidative stress by promoting the expression of detoxifying genes and the expression of proteasome genes upon proteasome inhibition [14] . It has been shown that for SKN-1 activation following proteasome impairment a peptide-N-glycanase and DDI1, a conserved aspartic protease, are required [15] . Similar observations have been made in Saccharomyces cerevisiae with the stress-regulated transcription factor Rpn4 governing the expression of proteasome genes in response to stress and proteasome inhibition [16] .
NF-kB is a transcription factor that activates genes responsible for cell growth, differentiation, inflammation and cell death [17] . NF-kB can be activated by a variety of signals including ROS that are considered as second messengers involved in its activation via tumor necrosis factor (TNF) and interleukin-1 [18] .
P53 has an important impact on the cellular redox state. Under normal conditions, p53 activates the expression of several antioxidant proteins, such as SESN1(mammalian sestrin homolog), SESN2, and GPX1(glutathione peroxidase-1) while reduced p53 levels enhance ROS production [19] .
AP-1 is another transcription factor that is responsive to oxidative stress driving the expression of genes involved in cell proliferation, differentiation and apoptosis [20] .
HIF-1 consists of HIF-1α and HIF-1β subunits. HIF-1β expression is independent of O 2 whereas HIF-1α subunit is modulated by the relative O 2 levels. During hypoxia, HIF-1α translocates into the nucleus and dimerizes with HIF-1β subunit and p300/CBP or other coactivators inducing the expression of genes that assist the cells to overcome the hypoxic stress [21] .
FOXO transcription factor can be activated by oxidative signals through various mechanisms. For example, upon oxidative stress FOXO is phosphorylated by JNK and Mst1 thus being translocated in the nucleus and activated. FOXO may also get deacetylated by SIRT-1 (sirtuin-1) upon oxidative stress thus acquiring enhanced activity and exhibiting increased DNA binding activity [22] . Monoubiquitination enhances the activity of FOXO proteins whereas poly-ubiquitination drives them to proteasome degradation [5] .
The intensity of oxidative stress is crucial not only for the final outcome and the cellular fate but also for the signaling pathway that will be eventually modulated. For example during mild stress, Nrf2 is activated transcribing antioxidant enzymes but when the intensity of the stress is high, NF-kB, AP-1, MAPKs and HSF (heat shock factor) are activated in order to transcribe antioxidant enzymes, inflammatory proteins and heat shock proteins. Finally, under high oxidative stress the cell is driven to death by necrosis and apoptosis; there is not specific evidence regarding the pathway that mediates this response [2] .
Proteasome system
Oxidative stress affects the correct function of cellular and molecular mechanisms that assures cellular integrity, leading to homeostasis deregulation. Proteostasis is highly disturbed upon oxidative stress with the proteasome system playing a pivotal role.
Structure
Proteasomes are large protein complexes responsible for the proper regulation of the cellular protein load. They constitute one of the main cellular proteolytic mechanisms. The proteasome consists of catalytic and regulatory subunits. The basic particle of the proteasome is the 20S core, a barrel-shaped complex formed through the assembly of four protein rings. The outer rings are identical and consist of seven different α (alpha) regulatory subunits (α 1-7 ). The α-rings embrace two identical inner rings that consist of seven different β (beta) catalytic subunits (β 1-7 ) [23] . Three β subunits possess catalytic properties; β1 with caspase-like activity (peptidyl-glutamyl-peptide-hydrolase), β2 with trypsin-like activity and β5 with chymotrypsin-like activity [24] .
The barrel-shaped 20S proteasome forms a gated channel through which a limited number of peptides and proteins enter [25] . To alter the gate conformation and allow the degradation of a wider range of proteins (ubiquitinated, damaged and misfolded proteins), 19S regulatory complexes bind onto the 20S proteasome. The assembly of one or two 19S regulatory complexes on either end of the core proteasome leads to the formation of 26S or 30S complexes, respectively. The 19S regulatory complex consists of a "base" and a "lid" [26] . The base is the component that is adjusted to the core and through its hexameric ring of six AAA-ATPases (Rpt1-6) can modify the conformation of the αgated channel. Four non-ATPases are also part of the 19S "base". The horseshoe-shaped "lid" is attached to the base and consists of nine non-ATPases.
Function
The proteasome is able to recognize and degrade peptides and proteins either to maintain the equilibrium between normal protein production and degradation, or to eliminate the damaged, misfolded/ unfolded or pathogenic proteins. The 20S proteasome is able to recognize and promote the degradation of already unfolded, damaged (misfolded, oxidized) proteins in an ATP-independent manner [27, 28] . In contrast, the 26S/30S complexes need ATP to complete the degradation process. Proteins targeted to be degraded by the 26S/30S complexes are tagged with a poly-ubiquitin tail that is recognized by the 19S regulatory complex. Upon substrate recognition, 19S ATP-dependent subunits are activated to unfold the substrate and facilitate its entrance through the gate and, finally, its route to the catalytic subunits [29] . The conjugation of the poly-ubiquitin chain on the protein target is effectuated through the consecutive recruitment of four types of enzymes; the ubiquitin-activating enzyme (E1), the ubiquitin-conjugating enzyme (E2), the ubiquitin-ligase (E3) [30] and the ubiquitin-prolongation enzyme (E4) [31] . The classification of the latter is still under discussion.
The immunoproteasome is a specific proteasome type that is induced by IFN-γ (interferon-γ), TNF-α, or lipopolysaccharides [32] . It consists of the inducible 20S proteasome (i20S with the inducible forms iβ1, iβ2 and iβ5) and mainly the 11S regulatory particle. Finally, in mammals, hybrid proteasomes are also found, containing both 19S and 11S regulatory complexes [33] . This hybrid proteasome can degrade substrates both ATP-dependently and -independently in a more efficient way than the immunoproteasome [34] , but its role is not yet fully elucidated.
Proteasome manipulation
Proteasome-mediated degradation has been shown to be manipulated both genetically and/or through the use of compounds [26, 35, 36] . Under specific conditions (such as aging, age-related conditions and diseases), the activity of the proteasome has been shown to be compromised. Several studies have focused on the activation of the proteasome (either in cellular models or in model organisms) to alleviate the negative effects of the above-mentioned processes [37] [38] [39] [40] [41] [42] [43] [44] . The proteasome activity has been shown to be increased through the induced expression of several subunits (core and/or regulatory ones) that ultimately lead to enhanced proteasome assembly and/or function. Compound-mediated proteasome activation has been achieved either through transcriptional up-regulation of proteasome subunits or through direct binding on the proteasomes that confers conformational changes and therefore results in the establishment of an opened (and therefore active) proteasome form [45] .
Effects of oxidative stress on proteasome status
The proteasomes, and more specifically the 20S complex, possess a major role in the maintenance of redox balance by recognizing and removing the oxidatively modified or damaged proteins. Since protein oxidation promotes protein unfolding, the 20S complex is recruited to cleave those substrates in an ATP-independent manner [46, 47] . Proteasome-mediated degradation has been shown to be enhanced by more than 10 times upon exposure to H 2 O 2 or O 2 - [48] . Following oxidative stress, the 26S proteasome was shown to disassemble in order to retrieve intact 20S and 19S particles [49] . Moreover, 20S proteasomes have been shown to be more resistant to oxidative stress in contrast to the proper function of 26S proteasomes that is highly affected [50] . Additionally, the immunoproteasome has been shown to degrade oxidatively modified proteins in a more efficient way when the 11S regulatory particle is attached on it rather than working alone [51, 52] . Nevertheless, constitutive exposure to reactive species does not only affect cellular proteins but also the proteasome (and specifically the 26S proteasome) itself [53] . Moreover, several post-translational modifications of specific subunits like glutathionylation, carbonylation, glycoxidation and lipoxidation have been reported to occur upon oxidative stress [54] . Specifically, S-glutathionylation has been shown to be a post-translational modification that is involved in the redox regulation of the proteasome [55] . As a result, proteasome activity is impaired leading to a vicious cycle between heavily oxidized cellular protein load (that results to cross-linked protein aggregates) and their inhibitory action on the proteasome function [56] . The interplay between the proteasome and oxidative stress is further suggested by the observation that cells treated with proteasome inhibitors exhibit increased ROS levels [57] . There is data indicating that NADH/NAD + has a key role in the proteasome function during redox regulation. NADH has been shown to maintain the proteasome amounts in normal levels [58] . Additionally, the proteasome inhibitor bortezomib becomes more effective upon depletion of NAD + in myeloma cells thus suggesting the active interplay between NAD+ and the proteasome [59] .
As mentioned above, Nrf2 that is activated upon oxidative stress has been shown to regulate the expression of proteasome genes [60] . Recently, this adaptive response has been revealed to be sex-and agedependent in Drosophila melanogaster [61] . Nrf2/ Keap-1 axis was also shown to play a key role in stem cell differentiation where ROS levels are constantly altered. More specifically, upon treatment with sulphoraphane, Nrf2 becomes activated and controls the pluripotency of human embryonic stem cells (hESCs) through the regulation of proteasome expression and elevation of their proteasome activity [62] . During oxidative stress after As (III) exposure of Ub-deficient N2a neuroblastoma cells, UPS is impaired. This impairment is related to the increase of p65-Nrf1 in the nucleus, a form that competes with Nrf2 and p95-Nrf1, leading to decreased proteasome activity and expression [14] .
Conditions and processes where redox alterations signal changes to proteasome function
Oxidative stress seems to play a major role in various conditions and diseases, such as aging, inflammation, diabetes, cancer and neurodegenerative diseases. In many of them, the observed redox alterations have been also shown to induce changes on the proteasome function. Fig. 1 summarizes conditions and processes that affect the proteasome status through redox alterations.
Aging
Aging is a process that occurs in all organisms leading to dysfunction of cells and tissues and ultimately to organismal deterioration. Upon aging progression and cellular senescence, the proteasome and its activities have been shown to be reduced [63, 64] . Moreover, ROS levels are elevated (mainly due to the downstream mitochondrial dysfunction combined with a dysregulation of repair mechanisms; [65] ) and a disruption of the equilibrium between oxidants and antioxidants occurs leading to an accumulation of damaged and oxidized proteins. The accumulation of inhibitory cross-linked proteins and ROS products in the cell may explain at least partially the observed decreased proteasome activity upon aging. Finally, the observed reduced Nrf2 activity during aging may also affect the proteasome gene expression [66] .
Inflammation
Increased ROS levels are observed during inflammation and infectious diseases. Specifically ROS produced by macrophages and neutrophils assist the immune system's response. During inflammation, pathways such as JNK, MAPK and the transcription factors AP-1 and NF-kB that are normally involved in redox regulation are also induced [57] . Upon inflammation, the immunoproteasome is also upregulated [67] . On top of its role to respond to oxidative stress, many studies suggest that the immunoproteasome has an important role during viral infection by regulating CD8 T cell responses, the production of proinflammatory cytokines and the activation of the NF-κB pathway [68] .
Diseases
In pathological conditions, redox alterations are usually more intense resulting in complete homeostasis and proteostasis imbalance as observed in neurodegenerative and cardiovascular diseases, diabetes and cancer. Proteasome function can be either negatively or positively regulated during disease-related redox modifications.
Aggregation-prone proteins play a key role in the development of neurodegenerative diseases. Under such conditions, redox imbalance leads to highly oxidatively-modified proteins that tend to accumulate and create aggregates resulting in proteasome impairment. In turn, proteasomes that are not functional, cannot degrade the damaged proteins and aggregates that are formed and, consequently, a feedback loop is established towards elevated levels of oxidative stress and aggregated proteins.
Adrenoleukodystrophy (ALD) is a disease induced by the loss of function of Abcd1 (ATP binding cassette subfamily D member 1) peroxisomal transporter, where high levels of oxidative stress impair proteasomal and mitochondrial function. As an adaptive mechanism to limit the damage, induction of the immunoproteasome occurs [69] . Treatment with antioxidants restores the proteasome function and prevents the immunoproteasome induction [69] .
Alzheimer's disease (AD) is characterized by the aggregation-prone Amyloid beta peptide (Aβ); its accumulation in the brain of AD patients induces high levels of oxidative stress resulting in proteasome inhibition [70, 71] . Furthermost, patients with Down Syndrome (DS) tend to exhibit an early onset AD phenotype because DS-associated oxidative stress impairs the ubiquitin-mediated proteasome degradation leading to a three-fold increase in the amount of the Amyloid Precursor Protein (APP; its cleavage leads to the production of Aβ) as compared to the levels in AD patients without DS [72] .
Similarly, during the progression of Huntington's disease (HD; characterized by the aggregation of huntingtin protein) and Amyotrophic Lateral Sclerosis (ALS; characterized by superoxide dismutase 1, SOD1, aggregation) deleterious redox modifications occur due to oxidatively-modified protein aggregates that negatively affect the proteasomal degradation mechanism and the mitochondrial function in the synapses of the Central Nervous System (CNS) [65] .
Parkinson's disease (PD) is an α-synuclein-associated disease where iron, calcium and ROS levels are elevated and levels of glutathione remain low, thus resulting in increased oxidative damage and mitochondrial malfunction. This cascade of events leads to the degeneration of the dopaminergic neurons as oxidatively-modified and aggregated α-synuclein impairs the proteasome and inhibits the mitochondrial complex I creating a feedback loop towards additional proteasome oxidation and inactivation [73] . Recently, under early onset PD conditions, it has been shown that the proteasome adapts to oxidative stress in a TCF11/Nrf1-dependent manner [74] .
Diabetes is a metabolic disease with severe complications. One of the factors that contribute to the impairment of blood glucose regulation is the systemic oxidative stress and the inability of pancreatic βcells to produce anti-oxidant enzymes, among others [75] , thus leading to proteasomal impairment and aggregation of polyubiquitinated proteins [76] . Nrf2 upregulation restores the proteasome activities and mediates adaptation to oxidative stress [77] , in contrast to bortezomibmediated proteasome inhibition that further negatively affects the diabetes-mediated disrupted cellular redox status [78] . On the other hand, atherosclerotic plaques of type 2 diabetes patients have been found to exhibit high levels of nitrotyrosine and O 2 -(oxidative stress markers) together with high levels of 20S proteasome activities and ubiquitin derived from CD68+ macrophages that assist the maintenance of a healthier environment [79] . Palmitate treatment induces insulin resistance and promotes UPS and autophagy activation. Treatment with curcumin alleviates the palmitate-induced ER stress with a parallel suppression of the 20S peptidase activity and induction of autophagy [80] . Increased ROS levels in patients with ischemia and reperfusion of the heart lead to decreased levels of proteasome function, whereas elevated levels of oxidized proteins induced by sympathetic signaling result in acute increase of the 26S proteasome activities in patients with hypertrophia [81] .
Cancer cells tend to adapt to oxidative stress via Nrf2 upregulation Oxidative stress promotes redox alterations on cellular level that affect proteasome structure, assembly and function. The proteasome is also subjected to post-translational modifications itself (glutathionylation, carbonylation, lipoxidation and glycoxidationplaced randomly in the figure-) due to oxidative stress [54] . Various conditions and processes (i.e. aging, diseases, inflammation and environmental factors) promote redox alterations that affect the proteasome status. The active sites of the proteasome are depicted with stars in the β-subunits. [82] . A positive feedback loop between gankyrin (19S subunit RPN-10) and Nrf2 rescues cancer cells from oxidative stress and limits ROS levels in hepatocarcinoma. More specifically, gankyrin binds Keap1 leading to the inhibition of Nrf2polyubiquitination and degradation [83] . Similarly, Nrf2 is upregulated through the inhibition of its ubiquitin-mediated degradation in multiple myeloma resulting in low ROS levels [84] .
On the other hand, in chronic conditions of lung cancer, cachexia is a symptom that is related to the increased levels of protein oxidation, PARP (poly ADP-ribose polymerase) activity and ubiquitin-mediated degradation leading to fiber atrophy [85] .
Environmental factors, supplements and drugs
Dietary habits and supplementation, drug treatment and cellular/ organismal environment can affect the cellular redox status.
Several natural or chemical compounds have been shown to affect the crosstalk between the proteasome and redox regulation. Quercetin and oleuropein exhibit both anti-aging and anti-oxidant properties through the stimulation of proteasome function [86, 87] . Treatment with 18α-glycyrrhetinic acid (18α GA) promotes the proteasome assembly and activity in HFL-1 human primary cells in an Nrf2-dependent manner leading to parallel decreased ROS levels [38] . The positive effects of 18αGA on proteasome status have been shown to be evolutionary conserved; verified at the level of a multi-cellular organism (C. elegans) [42] . The flavonoid quercetin, a known Nrf2 activator [88] , was shown to enhance proteasome activities, to promote increased oxidative stress resistance and to confer enhanced longevity in HFL-1 cells [86] .
The anti-alcoholism drug disulfiram can also inhibit the ubiquitinmediated proteasome degradation [89] and this inhibition was suggested to be related to the redox-associated apoptosis in melanoma cells [90] .
Deficiency in vitamin D promotes redox alterations that ultimately lead to 20S proteasome hyperactivation resulting in muscular atrophy [91] . Hypoxia has been suggested to promote similar effects on muscles. More specifically, hypoxic environment increases the oxidative stress levels resulting in elevated levels of proteasome-and autophagymediated degradation [92] . Administration of ethanol promotes redox alterations that lead to decreased proteasome activities [93] .
Radiation can also trigger redox alterations. UV radiation promotes protein oxidation leading to increased cellular oxidative stress levels and decreased levels of proteasome activities without however affecting the 20S or 26S proteasome conformation [94] . D-galactose (D-gal) is a constituent of human diet and has been found to induce oxidative stress and to promote senescence in primary auditory cortex cells by affecting the proteasome activity [95] . Overexpression of the ubiquitin C-Terminal Hydrolase L1 (UCHL1) leads to increased proteasome activity and alters the aging process in the auditory cortex.
Environmental stress like oxidative stress, salt stress and starvation not only induce protein misfolding but also the acute formation of distinct subnuclear structures that are called stress induced nuclear granules (SINGs) in the nematode C. elegans [96] . SINGs contain ubiquitin molecules and assembled proteasomes ready to respond to stress.
Even in plants, overexpression of the ubiquitin-conjugating enzyme UBC1 rescues tobacco from cadmium toxicity and oxidative stress by activating the 20/26S proteasome [97] .
Conclusions
The interplay between the proteasome function and regulation and the cellular redox status is constant and bidirectional. Depending on the level of redox alterations, the effects on proteasome status may vary from beneficial to devastating. Identification of the mechanisms that are involved in this interplay will enable us to limit the catastrophic effects and to multiply the positive outcomes.
